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Introduction: In monoclonal B cell lymphocytosis (MBL) and chronic

lymphocytic leukemia (CLL), the expansion of malignant B cells disrupts the

normal homeostasis and interactions between B cells and T cells, leading to

immune dysregulation. CD20+ T cells are a subpopulation of T cells that appear

to be involved in autoimmune diseases and cancer.

Methods: Here, we quantified and phenotypically characterized CD20+ T cells

from MBL subjects and CLL patients using flow cytometry and correlated our

findings with the B-cell receptor mutational status and other features of

the disease.
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Results and discussion: CD20+ T cells were more represented within the CD8+

T cell compartment and they showed a predominant memory Tc1 phenotype.

CD20+ T cells were less represented in MBL and CLL patients vs healthy controls,

particularly among those with unmutated IGVH gene. The expansion of

malignant B cells was accompanied by phenotypic and functional changes in

CD20+ T cells, including an increase in follicular helper CD4+ CD20+ T cells and

CD20+ Tc1 cells, in addition to the expansion of the TCR Vb 5.1 in CD4+ CD20+

T cells in CLL.
KEYWORDS
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1 Introduction

Monoclonal B lymphocytosis (MBL) and chronic lymphocytic

leukemia (CLL) are both characterized by the accumulation of

clonal B lymphocytes with a mature phenotype and an abnormal

BCR signaling and function in peripheral blood, bone marrow or

secondary lymphoid tissues (1, 2). CLL-like MBL shares

immunophenotypic, biological, and molecular features with CLL,

its distinction from CLL being mostly based on the monoclonal B

lymphocyte count (< 5000 cells/mL) in the absence of signs or

symptoms of a B cell lymphoproliferative disorder (1, 3, 4). Based

on the clonal B cell count, MBL can be further categorized as low-

count (LC) (<500 cells/mL) or high-count (HC) MBL (>500 cells/

mL). HC-MBL is thought to be a pre-malignant state that precedes

CLL and it is associated with an annual rate of progression to CLL

of 1-2% (3–6). Up to now, a few tumor cell features have been

associated with progression from MBL to CLL, including an

increase in total lymphocyte count in blood and an unmutated

somatic hypermutation (SHM) status of the immunoglobulin heavy

chain variable region (IGHV) gene (3, 6–9).

For decades now, it is well known that the expansion of malignant

B cells is accompanied by numerical and phenotypic changes in T

cells, including clonal T cell expansions, with preferential usage of

restricted TCR Vb gene families, a higher frequency of regulatory T

cells (Tregs), reduced naïve CD4+ T cell counts and an enrichment in

memory CD4+ T cells, together with a higher frequency of follicular,

Th1, Th17, and CD8+ T cells. In addition, functional exhaustion of

CD8+ T cells has been claimed to be responsible for an impaired

cytotoxic response against tumor cells, which might favor the growth

and expansion of malignant B cells (3, 10–14).

Recently, a new subpopulation of T cells, characterized by the

expression of CD20 (a membrane protein expressed by mature B

cells) has been identified (15). The origin of CD20+ T cells remains

uncertain, trogocytosis being identified as one of the potential

mechanisms for the acquisition of this B-cell associated receptor

by T cells, though the presence of CD20 mRNA in these cells

contradicts this hypothesis (15–18). From the functional point of
02
view, CD20+ T cells have been reported to be involved in the

pathophysiology of autoimmune diseases, particularly in multiple

sclerosis, as well as in cancer, where numerical, phenotypic and

functional alterations of these cells have been detected (18–24).

Studies in autoimmune diseases suggest a pathogenic behavior of

CD20+ T cells by producing IL-17 and TNF-a (17, 20, 22, 25). In

contrast, other studies suggest a protective role for these cells in

cancer. Independently of their specific pathogenic role, CD20+ T

cells exhibit a predominantly Tc1 effector memory phenotype,

suggesting an antitumor activity (15, 18, 24, 25).

This study aims to contribute to a better understanding of the

role of CD20+ T cells, in LC-MBL, HC-MBL and CLL, through

their enumeration and both phenotypic and functional

characterization in these conditions, compared to a group of age-

matched healthy subjects.
2 Materials and methods

2.1 Study population

In the present study, peripheral blood samples from 13 subjects

with confirmed diagnosis of LC-MBL (8 men and 5 women; mean

age: 68 ± 9 years), 12 subjects with HC-MBL (8 men and 4 women,

mean age: 74 ± 12 years) and 27 patients newly-diagnosed with CLL

(21 men and 6 women; mean age: 74 ± 11 years) were collected in

EDTA, processed and analyzed by flow cytometry, to quantify and

phenotypically characterize blood circulating CD20+ T cells. In

addition, 10 peripheral blood samples from sex- and age-matched

healthy controls (8 men and 2 women; mean age: 58 ± 3 years), were

also studied in parallel, after confirming the absence of MBL. In a

subset of 5 CLL patients (2 men and 3 women; mean age: 67 ± 11

years) and 5 (non-MBL) healthy controls (3 men and 2 women;

mean age: 75 ± 8 years) analysis of the TCR Vb repertoire on

peripheral blood CD4+ CD20-, CD8+CD20-, CD4+CD20+ and

CD8+CD20+ T cells was also performed.
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2.2 Phenotypic analysis of CD20+ T cells
by flow cytometry

2.2.1 Staining protocol and sample acquisition
Processing of samples for phenotypic analysis of CD20+ T cells

was performed following the EuroFlow Standard Operating

Procedure (SOP) for sample preparation and staining, and

acquisition in a flow cytometer (26). Briefly, 100 µL of the

peripheral blood was transferred to a test tube which already

contained the monoclonal antibodies described in detail in

Table 1. Afterwards, a previously described Lyse-Wash protocol

(26) was followed. Finally, the cell pellet was resuspended in PBS

and immediately acquired in a FACSLyric flow cytometer (Becton

Dickinson Biosciences [BD], San Jose, CA, USA), equipped with the

FACSuite software (v1.5.0.925; BD).

2.2.2 Data analysis
Data analysis was performed using the Infinicyt 2.0.5 software

(Cytognos SL, Salamanca, Spain). T cells were identified based on

their positivity for CD3 and typically low side scatter (SSC) and

forward scatter (FSC) properties. CD20 positivity was used to identify

CD20+ T cells. Among these, CD4+ T cells were identified by their

expression of CD4 and absence of CD8, while CD8+ T cells were

identified by expression of CD8 in the absence of CD4. Double

positive T cells (CD4+ CD8+) were identified by expression of both

CD4 and CD8, and TCR gd+ T cells were defined based on their

positivity for TCR gd, while TCR ab+ CD4- CD8- T cells were

identified by the expression of CD3 in the absence of CD4, CD8 and

TCR gd. According to CXCR5 expression, CXCR5+ follicular helper

T cells and CXCR5- negative T cells were identified among CD4+
Frontiers in Oncology 03
CD20+ T cells. Four additional subpopulations of CD4+ CD20+

follicular helper T (CXCR5+, TFH) cells were also identified based on

the pattern of expression of CCR5 and CCR6: CCR5+ CCR6- (Th1-

like), CCR5- CCR6+ (Th17-like), CCR5+ CCR6+ (Th1/17-like) and

CCR5- CCR6- TFH cells. Th17 cells (CCR6+) and Th1 cells (CCR5+)

were identified within CXCR5- CD4+ CD20+ T cells. Among CCR6+

cells, CCR5 positive (CCR6+ CCR5+) cells and CCR5 negative cells

(CCR6+ CCR5-) were also identified.

The same strategy described to identify T cell subpopulations

within CD4+ CD20+ cells was used for CD8+ CD20+ T cells.

Finally, for each CD20+ T cell subset identified up to this point, the

percentage of activated (CD25+) T cells and the distribution by

maturation-associated compartments of CD20+ T cells: naïve

(CD45RA+ CD27+), central memory (CD45RA- CD27+), effector

memory (CD45RA- CD27-) and terminal effector (CD45RA+

CD27-) T cell compartments were also evaluated. The gating

s tra tegy used for the ident ificat ion and phenotypic

characterization of CD20+ T cells is illustrated in Figure 1.
2.3 Analysis of the T cell receptor (TCR)-Vb
repertoire by flow cytometry

The study of the TCR Vb repertoire was performed with the

IOTest Beta Mark TCR-Vb Repertoire kit (Beckman Coulter -

Immunotech, Marseille, France), which includes the following

monoclonal antibodies: Vb1 (clone BL37.2); Vb2 (clone

MPB2D5); Vb3 (clone CH92); Vb4 (clone WJF24); Vb5.1 (clone

IMMU157); Vb5.2 (clone 36213); Vb5.3 (clone 3D11); Vb7.1
(clone ZOE); Vb7.2 (clone ZIZOU4); Vb8 (clone 56C5.2);

Vb9 (clone FIN9); Vb11 (clone C21); Vb12 (clone VER2.32.1.1);

Vb13.1 (clone IMMU222); Vb13.2 (clone H132); Vb13.6 (clone

JU74.33); Vb14 (clone CAS1.1.3); Vb16 (clone TAMAYA1.2);

Vb17 (clone E17.5F3.15.13); Vb18 (clone BA62.6); Vb20 (clone

ELL1.4); Vb21.3 (clone IG125); Vb22 (clone IMMU546) and Vb23
(clone AF23). This kit contains 8 tubes, each with antibodies against

3 TCR-Vb regions where the first antibody is conjugated with

fluorescein isothiocyanate (FITC), the second with phycoerythrin

(PE), and the third with both FITC and PE. Antibody labeling was

performed by incubating 100 mL of peripheral blood with each TCR

Vb antibody mixtures (20 mL) for 20 minutes. After this incubation

period, to evaluate the expression of TCR Vb in CD4+ CD20+ and

CD8+ CD20+ T cell subpopulations, the CD45-V500-C (clone 2D1,

BD), CD3-PerCP-Cy 5.5 (clone SK7, BD), CD8-APC (clone SK1,

BD), CD4-APC-H7 (clone SK3, BD) and CD20-PB (clone L27, BD)

were also added to stain the peripheral blood sample. Then, a 10-

minute incubation period at room temperature in the dark followed

by a lysis and washing step protocol, was performed (26).
2.4 Cell purification

For each peripheral blood sample from CLL and HC-MBL

patients, the CD5+ B cell population was purified on a FACSAria III

(BD) flow cytometer. For this purpose, blood samples were labeled with

CD45-V500-C (clone 2D1, BD); CD3-PB (clone UCHT1, BD); CD19-
TABLE 1 Monoclonal antibody panel used for identification and
phenotypic characterization of CD20+ T cells.

Antibody Fluorochrome Clone Commercial
source

CD3 BV605 SK7 BD

CD4 PerCP-Cy 5.5 SK3 BD

CD8 APC-H7 SK1 BD

CD20 V450 L27 BD

CD25 FITC 2A3 BD

CD27 APC-R700 M-T271 BD

CD45RA BV786 HI100 BD

CD127 BV510 HIL-
7R-M21

BD

CD195 BV711 2D7/CCR5 BD

CD196 PE 11A9 BD

CXCR5 APC 51505 R&D Systems

TCR gd PE-Cy7 11F2 BD
APC, allophycocyanine; APC-H7, allophycocyanine-hilite 7; BV, brilliant violet; FITC,
fluorescein isothiocyanate; PE, phycoerythrin; PE-Cy7, phycoerythrin-cyanine 7; PerCP-
Cy5.5, peridinin chlorophyll protein cyanine 5.5.; BD: Becton Dickinson Biosciences, San
Jose, CA, USA; R&D Systems: Minneapolis, MN, USA.
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PC7 (clone J3-119, Beckman Coulter) and CD5-APC (clone L17F12,

BD). The purity of the purified cell populations was always > 97%.
2.5 Molecular studies

Analysis of the TP53 gene and the IGHV gene mutational status

was performed on DNA extracted from purified pathological B cells

using an automated extraction system (QIAsymphony SP, Qiagen,

Hilden, Germany) based on the manufacturer’s reagents and protocols.
Frontiers in Oncology 04
The search for mutations in the TP53 gene was performed by Next-

Generation Sequencing (NGS) with the Ion AmpliSeq TP53 Panel

(Thermo Fisher Scientific, Waltham, MA, USA) on the Ion S5

sequencer (Thermo Fisher Scientific). The analysis of the results was

performed using the Ion Reporter (Thermo Fisher Scientific) and

Integrative Genomics Viewer (IGV) (v2.16.2, UC San Diego, CA, USA;

and Broad Institute of MIT Harvard, Boston, MA, USA) software.

Determination of the IGHVmutational status was performed by PCR/

fragment analysis and Sanger sequencing, according to the ERIC

(European Research Initiative on CLL) recommendations. Sequences
B C D

E

A

F

G H

FIGURE 1

Gating strategy used for the identification and phenotypic characterization of CD20+ T cells. (A) T cells were identified based on CD3 positivity and
typically low side scatter (SSC) and forward scatter (FSC) properties; (B) Identification of CD20+ T cells according to CD20 expression;
(C) Identification of gd+ T cells, among CD20+ T cells, according to TCR gd expression; (D) Identification of CD4+, CD8+, CD4+/CD8+ and TCR ab+
CD4- CD8- subsets within among CD20+ T cells; (E) CD4+ CD20+ follicular T cells were identified by positivity for CXCR5; (F) The subpopulations
of T cells: CCR5+ CCR6- (Th1), CCR5- CCR6+ (Th17), CCR5+ CCR6+ (Th1/17), and CCR5- CCR6- T cells were identified within CXCR5+ CD4+
CD20+ follicular helper T cells and CXCR5- CD4+ CD20+ T cells, respectively. The same strategy was used for the other T cell subpopulations
analyzed. (G) Dot plot histograms illustrating the identification of activated CD20+ T cells (based on CD25 expression); (H) CD45RA and CD27 were
used to identify naïve (CD45RA+ CD27+), central memory (CD45RA- CD27+), effector memory (CD45RA- CD27-) and terminal effector (CD45RA+
CD27-) maturation-associated T cells compartments on the above mentioned subsets of CD20+ T cells.
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were analyzed in IMGT/V-QUEST (v1.9.3, LIMG, Montpellier,

France), to identify clonal rearrangements and to calculate their

percent identity to the germline gene sequence. According to the

ERIC recommendations, sequences with a percentage of identity lower

than 98% were considered to be mutated while those with a ≥ 98%

identity were reported as unmutated (27).
2.6 Statistical analysis

The statistical significance of differences between groups was

analyzed using the non-parametric Kruskal-Wallis and Mann–

Whitney U tests for continuous variables, or the Pearson’s x2 and

Fisher exact tests for categorical variables. Statistically significant

differences were considered to be present when p values of less than

0.05 were detected with the GraphPad Prism 8.4.0 software (San

Diego, CA, USA).
3 Results

3.1 Numerical distribution of CD20+ T cells
in blood of MBL and CLL vs controls

In healthy individuals, the majority of CD20+ T cells belonged

to the CD8+ compartment of T cells, followed by the CD4+, CD4+

CD8+ and TCR gd + compartments, while they were almost absent

in the TCR ab+ CD4- CD8- T cells (Table 2).
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Overall, a statistically significant decrease in the absolute count

of CD20+ T cells was observed in CLL compared to non-MBL

healthy individuals, the percentages of CD20+ T cells being

significant lower in both LC-MBL and CLL compared to the

control group (Table 2). This decrease inversely correlated with

the expansion of pathological B cells, as shown in Figure 2. Of note,

in both MBL cases and CLL patients, the percentage of CD20+ T

cells was higher among TCR gd+ T cells than T CD4+ CD8+ cells

(Table 2). Interestingly, HC-MBL subjects displayed a decrease in

the percentage of CD20+ CD4+ T cells and an increase in CD20+

CD8+ T cells compared to the other groups, with a statistically

significant difference between HC-MBL and the control group

(p<0.05 vs controls) (Table 2).
3.2 Phenotypic characterization of CD20+
T cells in blood of MBL and CLL vs controls

Since CD20+ T cells are more represented in both the CD8+

and CD4+ T cell compartments, we focused on those T cell

populations to perform a more in depth phenotypic

characterization of CD20+ T cells (Supplementary Figure 1).

3.2.1 CD4+ CD20+ T cells
In healthy individuals, CD4+ CD20+ T cells showed a

predominant central and effector memory phenotype (Figures 3A,

4A); (Supplementary Figures 2, 3). This memory phenotype
TABLE 2 Distribution of CD20+ T cells (mean ± standard deviation) in blood of LC-MBL, HC-MBL and CLL subjects compared to non-MBL
healthy controls.

Controls
(n = 10)

LC-MBL
(n = 13)

HC-MBL
(n = 12)

CLL
(n = 27)

CD20+ T cells
No. of cells/µL
% of leukocytes
% after excluding neoplastic B cells

60 ± 44
0.98 ± 0.60

34 ± 32
0.35 ± 0.26a

0.35 ± 0.26a

38 ± 30
0.42 ± 0.26a

0.58 ± 0.42

33 ± 40 a

0.14 ± 0.17 a b c

0.43 ± 0.47 a

% CD20+ T cells 4.7 ± 2.0 2.6 ± 1.4 3.5 ± 2.1 2.8 ± 2.7 a

% CD20+ CD4+ T cells 31 ± 13 31 ± 19 22 ± 11 31 ± 20

% CD20+ CD8+ T cells 58 ± 15 65 ± 18 74 ± 14 61 ± 24

% CD20+ CD4+ CD8+ T cells 6.5 ± 11 0.88 ± 1.0 0.90 ± 1.4 0.62 ± 1.3 a b

% CD20+ TCR gd+ T cells 3.0 ± 3.3 2.1 ± 1.9 2.9 ± 5.7 1.3 ± 2.0

% CD20+ TCR ab+ CD4- CD8- TCR gd- T cells 0.51 ± 0.74 0.94 ± 1.2 0.71 ± 1.1 5.1 ± 13
ap<0.05 vs controls; bp<0.05 vs LC-MBL; cp<0.05 vs HC-MBL. CLL, chronic lymphocytic leukemia; HC, high-count; LC, low-count; MBL, monoclonal B lymphocytosis.
A B C

FIGURE 2

Correlation between the percentage of pathological B cells and the percentage of (A) CD20+ T cells (within leukocytes), (B) CD4+ CD20+ T cells
(within leukocytes) and (C) CD8+ CD20+ T cells (within leukocytes). The r and p values were determined according to Spearman’s correlation.
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predominated among all functional subpopulations of CD4+ CD20

+ T cells including Th1, Th17 and TFH cells (Figures 3D, G, J, 4D,

G, J, respectively). Furthermore, we also observed that in healthy

individuals, the majority of CD4+ CD20 TFH cells displayed a Th1-

like phenotype, while the majority of CD4+ CD20+ Th17 cells were

CCR5- (Figures 3E, H, 4H).
Frontiers in Oncology 06
From the maturation point of view, there was a statistically

significant decrease in the absolute number of central memory cells

across all patient groups when compared to the control group

(Figure 4A). Of note, the percentage of central memory cells

increased, and the relative numbers of effector memory cells was

significantly lower in CLL than HC-MBL (Figure 3A).
A B C

D E F

G H

J K

I

FIGURE 3

Phenotypic characterization of CD4+ CD20+ T cells and their subsets in blood of LC-MBL, HC-MBL and CLL vs controls. (A-C) Analysis of total
CD4+ CD20+ T cells: (A) distribution among each different maturation-associated compartment of CD20+ T cells (naïve, central memory, effector
memory and terminal effector); (B) percentage of CD4+ follicular helper T (TFH) cells (CXCR5+), Th1 (CCR5+) and Th17 (CCR6+) cells; and
(C) percentage of activated (CD25+) CD4+ CD20+ T cells. (D-F) Distribution of CD4+ CD20+ TFH cells in (D) the different maturation-associated
T cell compartments (naive, central memory, effector memory and terminal effector); and (E) TFH cell subsets (TFH1, TFH17, TFH1/17 and CCR5-
CCR6- TFH cells). (F) Percentage of activated (CD25+) TFH cells. (G-I) Analysis of CD20+ Th17 cells: (G) frequency of cells in the different
maturation-associated compartments of CD20+ Th17 cells (naïve, central memory, effector memory and terminal effector; (H) percentage of
CD20+ Th17 cells CCR5+ or CCR5-; (I) percentage of activated (CD25+) CD20+ Th17 cells. (J) Frequency of CD20+ Th1 cells within each different
maturation-associated compartments of CD20+ T cells: naïve, central memory, effector memory and terminal effector. (K) Percentage of activated
(CD25+) CD20+ Th1 cells. Data expressed as median and interquartile range. *p < 0.05; **p < 0.01. CLL, chronic lymphocytic leukemia; HC, high-
count; LC, low-count; MBL, monoclonal B lymphocytosis.
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Moreover, a statistically significant increase in the percentage and

absolute number of CD4+ CD20+ follicular helper T (CXCR5+,

TFH) cells was detected in CLL patients compared to the control

group (Figures 3B, 4B). In turn, the percentage of CD4+ CD20+ TFH

cells was increased in both MBL groups compared to controls

(Figure 3B). Among, CD4+ CD20+ TFH cells, a significant increase

in the percentage and absolute number of naïve cells was found in

CLL compared to both controls and HC-MBL (Figures 3D, 4D). In

contrast, there was a decrease in the percentage of effector memory

cells in CLL compared to controls. In all patient groups, the majority

of CD4+CD20 TFH cells were Th1-like TFH cells (Figure 3E).

Furthermore, a statistically significant increase in percentage and

absolute number of Th1-like TFH cells was observed in HC-MBL,

compared to controls while Th17-like TFH cells were significantly

lower in HC-MBL vs LC-MBL (Figures 3E, 4E).

CD4+ CD20+ Th17 cells showed similar frequencies among all

groups (Figures 3B, 4B). However, the majority of CD4+ CD20+

Th17 cells from both MBL groups were CCR5-. This is in contrast

with CLL where we found a significant decrease in the percentage

and absolute number of CD4+ CD20+ Th17 cells that did not

express CCR5 (CCR6+ CCR5-) vs the controls (Figures 3H, 4H).

Interestingly, a progressive increase in the percentage of CD4+

CD20+ Th1 cells was observed from controls to LC-MBL, HC-MBL

and CLL, with statistically significant differences between HC-MBL

and both controls and LC-MBL (Figure 3B). An increased

percentage of CD4+ CD20+ Th1 cells within the effector memory

compartment was observed in HC-MBL compared to LC-MBL, at

the expense of naïve T cells (Figure 3J). In addition, an increased

number of naïve and decreased counts of effector memory cells were

found in CLL compared to HC-MBL (Figure 3J). We also observed

a decrease in the absolute numbers of central memory cells in CLL

compared to controls (Figure 4J).

As shown in Figure 3C, a statistically significant increase in the

percentage of activated (CD25+) CD4+ CD20+ T cells was detected

in LC-MBL, compared to controls and HC-MBL (Figure 3C). Among

the studied functional subpopulations, no statistically significant

differences were observed in the percentage of activated cells

(Figures 3F, I, K). In absolute numbers, activated (CD25+) CD4+

CD20+ TFH cells were also increased in CLL compared to controls

(Figure 4F). Meanwhile, among CD4+ CD20+ Th17 cells, a

significant decrease of activated cells (CD25+) was observed in all

patient groups vs the controls (Figures 4C, I). Among CD4+ CD20+

Th1 cells, no significant differences were found (Figure 4K).

3.2.2 CD8+ CD20+ T cells
Similarly to what has been described above for CD4+ CD20+

T cells, CD8+ CD20+ T cells, in healthy individuals, also showed a

predominant central memory phenotype (Figures 5A, 6A). This

memory phenotype predominated among all functional

subpopulations of CD8+ CD20+ T cells identified, including Tc1,

Tc17 andCXCR5+ T cells (Figures 5D, G, J, 6D, G, J). Furthermore, in

healthy individuals, the majority of CD8+ CD20+ T cells expressing

CXCR5 displayed a Tc1-like phenotype, while the majority of CD8+

CD20+ Tc17 cells also expressed CCR5 (Figures 5E, H, 6E, H).

Though CD8+ CD20+ T cells from all the studied groups

predominantly belonged to the central memory compartment, in
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HC-MBL a higher amount of CD8+ CD20+ T cells which had

undergone differentiation into the effector memory and effector

compartments (with a consequent decrease in central memory cells)

was observed, compared to both the control group and CLL patients

(Figure 5A). In addition, a significant decrease in the absolute

number of central memory cells was also observed in CLL when

compared to the control group (Figure 6A).

Regarding CD8+ CD20+ T cells an increased percentage of

CXCR5+ cells was found in all patient groups compared to controls,

but this increase was only significant in CLL (vs control group)

(Figure 5B). Regarding the absolute values of CXCR5+ cells, no

significant differences were observed (Figure 6B). Among, CD8+

CD20+ T cells expressing CXCR5, a significant increase in central

memory cells, with a decreased percentage (and absolute number)

of effector memory cells was found in CLL compared to HC-MBL

(Figures 5D, 6D). Of note, the majority of CD8+ CD20+ expressing

CXCR5 displayed a Tc1-like phenotype in LC-MBL, HC-MBL and

CLL patients (Figure 5E).

Among CD8+ CD20+ T cells, there was a statistically significant

decrease in the number of CD8+ CD20+ Tc17 cells in HC-MBL

compared to LC-MBL (Figure 5B). In addition, a decrease in central

memory CD8+ CD20+ Tc17 cells was observed in LC-MBL and

CLL, compared to the control group (Figures 5G, 6G). Interestingly,

the majority of CD8+ CD20+ Tc17 cells from both MBL and CLL

patients, also expressed CCR5 (Figure 5H).

A statistically significant increase in CD8+ CD20+ Tc1 cells was

found in all patient groups compared to the control group

(Figure 5B). In HC-MBL, the percentage and absolute number of

CD20+ Tc1 cells within the central memory compartment

decreased, while their percentage in the effector memory and

effector compartments increased, compared to both the control

group and CLL (Figures 5J, 6J).

Finally, considering the percentage of activated CD8+ CD20+ T

cells, no significant differences were found between the study groups

(Figures 5C, F, I, K). Considering the absolute number of CD8+

CD20+ T cells, a statistically significant decrease of activated (CD25

+) cells was observed in CLL compared to controls, particularly

among CD8+ CD20+ Tc1 cells (Figures 6C, K). Among CXCR5+

CD8+ CD20+ T cells and CD8+ CD20+ Tc17 cells, no significant

differences were observed (Figures 6F, I).
3.3 TCR Vb repertoire of CD4+ CD20+,
CD4+ CD20-, CD8+ CD20+ and CD8+
CD20- T cells in blood of CLL

Aiming at the identify potential differences in the TCR Vb
repertoire of CD20- T cells and CD20+ T cells, we analyzed the

expression of 24 families of the variable region of the T cell receptor b
chain (TCR-Vb) (Figures 7–10). Compared to CD20- CD4+ T cells,

CD4+ CD20+ T lymphocytes showed a predominant expansion

(p<0.05) of T cells expressing the Vb 5.1 family in all CLL patients

(Figure 7). The median and interquartile range of the percentage of

CD4+ T cells for the Vb 5.1 family was 6.2% ± 1.2% in CD4+ CD20-

cells versus 13% ± 8.3%, among CD4+ CD20+ positive T cells. Of

note, this expansion was not observed in any subject from the control
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group (Figure 8). In addition to the expansion of CD4+ CD20+ T

cells expressing the Vb 5.1 family compared to CD4+ CD20- T cells,

it was found that this expansion (p<0.05) also occurs among CLL

patients compared to healthy individuals within CD4+ CD20+ T cells

(Supplementary Figure 4). The median and interquartile range of the

percentage of CD4+ CD20+ T cells for the Vb 5.1 family was 5.5% ±

3.9% in healthy subjects versus 13% ± 8.3% in CLL patients. In
Frontiers in Oncology 08
contrast, no clear expansion of any TCR Vb family was observed

within CD8+ CD20+ T cells compared to CD8+ CD20- T cells

(Figures 9, 10).

Furthermore, no clear expansion of any TCR Vb family was

observed when comparing the same population between CLL

patients and healthy subjects (CD8+ CD20+ T cells in CLL versus

healthy subjects (Supplementary Figure 5).
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FIGURE 4

Absolute number of CD4+ CD20+ T cells and their subsets in blood of LC-MBL, HC-MBL and CLL vs controls. (A-C) Analysis of total CD4+ CD20+
T cells: (A) distribution within each different maturation-associated compartment of CD20+ T cells (naïve, central memory, effector memory and
terminal effector); (B) absolute number of CD4+ follicular helper T (TFH) cells (CXCR5+), Th1 (CCR5+) and Th17 (CCR6+) cells; and (C) absolute
number of activated (CD25+) CD4+ CD20+ T cells. (D-F) Distribution of CD4+ CD20+ TFH cells in (D) different T cell compartments (naive, central
memory, effector memory and terminal effector); (E) TFH cell subsets (TFH1, TFH17, TFH1/17 and CCR5- CCR6- TFH cells). (F) absolute number of
activated (CD25+) TFH cells. (G-I) Analysis of CD20+ Th17 cells: (G) absolute number of cells in the different maturation-associated compartments
of CD20+ T cells (naïve, central memory, effector memory and terminal effector); (H) absolute number of CD20+ Th17 cells CCR5+ or CCR5-;
(I) absolute number of activated (CD25+) CD20+ Th17 cells. (J) Absolute number of CD20+ Th1 cells within each different maturation-associated
compartments of CD20+ T cells: naïve, central memory, effector memory and terminal effector; and (K) absolute number of activated (CD25+)
CD20+ Th1 cells. Data expressed as median and interquartile range. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. CLL, chronic lymphocytic
leukemia; HC, high-count; LC, low-count; MBL, monoclonal B lymphocytosis.
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FIGURE 5

Phenotypic characterization of CD8+ CD20+ T cells and their subsets in blood of LC-MBL, HC-MBL and CLL vs controls. (A-C) Analysis of total CD8+
CD20+ T cells: (A) distribution within each different maturation-associated compartment of CD20+ T cells (naïve, central memory, effector memory and
terminal effector); (B) percentage of CXCR5+ CD8+ CD20+ T cells, CD20+ Tc1 and CD20+ Tc17 cells; and (C) percentage of activated (CD25+) CD8+
CD20+ T cells. (D-F) Distribution of CD8+ CD20+ T cells expressing CXCR5 in (D) the different maturation-associated of T cell compartments (naïve,
central memory, effector memory and terminal effector); (E) CXCR5+ CD8+ CD20+ T cell subsets (Tc1-like, Tc17-like, Tc1/17-like and CCR5- CCR6-
T cells); and (F) percentage of activated (CD25+) CXCR5+ CD8+ CD20+ T cells. (G-I) CD20+ Tc17 cells: (G) frequency of cells in the different
maturation-associated compartments of CD20+ T cells (naïve, central memory, effector memory and terminal effector; (H) percentage of CD20+ Tc17
cells CCR5+ or CCR5-; and (I) percentage of activated (CD25+) CD20+ Tc17 cells. (J) Frequency of CD20+ Tc1 cells within each different maturation-
associated compartments of CD20+ T cells: naïve, central memory, effector memory and terminal effector. (K) Percentage of activated (CD25+) CD20+
Tc1 cells. Data expressed as median and interquartile range. *p < 0.05; **p < 0.01; ***p < 0.001. CLL, chronic lymphocytic leukemia; HC, high-count; LC,
low-count; MBL, monoclonal B lymphocytosis.
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3.4 IGHV and TP53 gene mutational status
in HC-MBL and CLL

The search for mutations in the TP53 gene by NGS, identified

mutations in 2/27 cases of CLL (7%) but none of 12 HC-MBL cases

showed this mutation (Table 3).
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Determination of IGHV mutational status revealed 8/12(67%)

and 15/27 (56%) mutated HC-MBL and CLL cases, respectively,

based on a cut-off of 98% identity to the germline gene (Table 3).

Analysis of IGHV gene rearrangements, performed for each

purified population of clonal B cells in HC-MBL and CLL (Table 4),

revealed that the IGHV1-69, IGHV3-23, IGHV3-30, and IGHV4-
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FIGURE 6

Absolute number of CD8+ CD20+ T cells and their subsets in blood of LC-MBL, HC-MBL and CLL vs controls, and absolute number of the
phenotypically defined CD8+ CD20+ T cell subsets. (A-C) Analysis of total CD8+ CD20+ T cells: (A) distribution within each different maturation-
associated compartments of CD20+ T cells (naïve, central memory, effector memory and terminal effector); (B) absolute number of CXCR5+ CD8+
CD20+ T cells, CD20+ Tc1 and CD20+ Tc17 cells; and (C) absolute number of activated (CD25+) CD8+ CD20+ T cells. (D-F) Distribution of CD8+
CD20+ T cells expressing CXCR5 in (D) the different maturation-associated T cell compartments (naïve, central memory, effector memory and
terminal effector); and (E) CXCR5+ CD8+ CD20+ T cell subsets (Tc1-like, Tc17-like, Tc1/17-like and CCR5- CCR6- T cells); and (F) absolute number
of activated (CD25+) CXCR5+ CD8+ CD20+ T cells. (G-I) Analysis of CD20+ Tc17 cells: (G) absolute number of cells in the different maturation-
associated compartments of CD20+ T cells (naïve, central memory, effector memory and terminal effector; (H) absolute number of CD20+ Tc17
cells CCR5+ or CCR5-; and (I) absolute number of activated (CD25+) CD20+ Th17 cells. (J) Absolute number of CD20+ Tc1 cells within each
different maturation-associated compartments of CD20+ T cells: naïve, central memory, effector memory and terminal effector. (K) Absolute
number of activated (CD25+) CD20+ Tc1 cells. Data were expressed as the median with interquartile range. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001. CLL, Chronic Lymphocytic Leukemia; HC, high-count; LC, low-count; MBL, Monoclonal B Lymphocytosis.
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34 genes were the most used and represented 49% of all HC-MBL

and CLL cases. Although HC-MBL shared these same

rearrangements found in CLL, the IGHV3-30 and IGHV3-33

genes were only detected in CLL (26%) (Table 4). In turn,

IGHV1-69 was the most used gene among the unmutated cases

(50% of IGHV unmutated HC-MBL and 25% of IGHV unmutated

CLL cases), whereas IGHV3-23 and IGHV4-34 gene predominated

among the IGHV mutated cases (63% of HC-MBL vs 34% of CLL

mutated cases) (Table 4).

Finally, we also evaluated whether the percentage of CD20+ T

cells, and their distribution among the CD4+ and CD8+ T cell

populations, varied according to the IGHV mutational status of

both HC-MBL and CLL (Figure 11). Overall, statistically significant

decrease in the frequency of CD20+ T cells was observed among

CLL and HC-MBL cases with unmutated vs mutated IGHV gene

profile (Figure 11).
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4 Discussion

Cooperation between B cells and T cells is crucial for a robust

and efficient immune response, as these cells are the cornerstone of

adaptive immunity and, together with NK cells, critical cells for

immune surveillance. At present, it is well-established that B cell

neoplasms are characterized by a prominent and broad

dysregulation of the immune response. Indeed, evidences have

been described in CLL and CLL-like MBL that confirm a marked

disruption of the normal immune homeostasis due to the

interaction between pathological B cells (CD5+) and T cells (3,

11, 28).

In recent years, CD20+ T cells have been described in the

literature to be involved in the pathophysiology of autoimmune

diseases and cancer, where numerical, phenotypic, and functional

alterations have been detected in this subset of T cells (18–24), fully
FIGURE 7

TCR Vb repertoire usage in CD4+ T cells from peripheral blood of chronic lymphocytic leukemia patients: comparison between CD4+ CD20+ T
cells and CD4+ CD20- T cells. Results for samples 1, 2, 3, 4 and 5.
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in line with our findings in this study for CD20+ T cells in subjects

presenting LC-MBL, HC-MBL, and CLL patients.

Despite the origin of CD20+ T cells is poorly understood,

several studies have described trogocytosis as the process

responsible for the transfer of the CD20 molecule from B cells to

T cells as a result of the close interaction between both groups of

cells. Based on this hypothesis, trogocytosis would possibly occur

when B cells activate T cells during the immune response (22, 29).

Here, we found decreased numbers of CD20+ T cells in peripheral

blood of LC-MBL and CLL patients, even when the percentage of

CD20+ T cells in blood was calculated after excluding the neoplastic

B cells. These findings suggest that trogocytosis might not explain

the decrease in the frequency of CD20+ T cells in MBL and CLL,

when compared to non-MBL healthy individuals, as in both

conditions an accumulation of B cells exists, which could facilitate

the contact and interaction with T cells. However, neoplastic B cells

from MBL and CLL display low expression of CD20, which

corresponds to a lower amount of CD20 protein per cell (30, 31),

and the accumulation of neoplastic B cells in these conditions may
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hamper the interaction between T cells and normal B cells in CLL

patients and, to a lesser extent, in MBL.

Among all T cell subsets, CD20+ T cells were more represented

in the CD8+ T cell compartment in our cohort, in line with previous

studies (15, 17, 18), in the absence of significant differences between

the studied and control groups. However, when we investigated

the different functional compartments of CD4+ CD20+ and CD8+

CD20+ T cells, the majority of them presented a memory

(central and effector) Th1 or Tc1 phenotype (15, 17, 18, 32).

Cytotoxic CD8+ T cells play an important role in antitumor

immunity since, together with NK cells, they are the main effector

cells responsible for eliminating neoplastic cells (33). Furthermore,

the predominantly memory phenotype suggests that the majority of

CD20+ T cells are antigen experienced cells (15, 34).

An overall decrease in naïve CD4+ T cells, accompanied by an

increase in the memory cell compartments, had been reported in

CLL compared to healthy individuals (3, 12, 35). Overall, we could

not confirm these alterations within the CD4+ CD20+ T cell

compartment, as no differences between CLL and healthy controls
FIGURE 8

TCR Vb repertoire usage in CD4+ T cells from peripheral blood of healthy controls: comparison between CD4+ CD20+ T cells and CD4+ CD20- T
cells. Results shown for samples 1, 2, 3, 4 and 5.
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were observed, despite an increase in CD4+ CD20+ central memory

cells accompanied by a decrease in effector memory cells was found

in CLL vs HC-MBL. However, an increase in CD4+ CD20+ TFH

cells compared to healthy individuals was observed in patients with

LC-MBL, HC-MBL and CLL. Of note, these cells mainly displayed a

Th1-like TFH phenotype. These results are consistent, at least in

part, with previous studies which described an increased frequency

of TFH cells in CLL (36, 37), but contradicted the data reported by

Wu et al., 2021 (38), who did not observe an increase in TFH cells

in MBL. Overall, these results also suggest that the expansion of

CD20+ TFH cells parallels the expansion of the B-CLL clone, which

would indirectly support the notion that TFH cells might provide

survival and proliferation signals to pathological B cells in both

MBL and CLL (38, 39). In our study, an expansion of CD4+ CD20+

Th1 cells was also observed in the blood of patients with HC-MBL.

Th1 cells have been shown to mediate the immune response against

tumor cells through secretion of IFN-g, and in CLL, IFN-g is

associated with the inhibition of apoptosis of B-CLL clones (40,

41). An increased percentage of activated (CD25+) CD20+ T cells,

predominantly within the CD4+ T cell compartment, has been
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described by Roessner & Seiffert, 2020 (10) in CLL; such activated T

cells in patients with CLL contribute to the proliferation and

survival of B-CLL cell clones (10, 42). Here, we detected an

increased percentage of activated (CD25+) CD4+ CD20+ T cells

from LC-MBL patients, but not in HC-MBL or CLL.

When we analyzed the distribution of CD8+ CD20+ T cells

according to the maturation-associated T cell compartments of

naïve, central memory, effector memory, and terminal effector cells

in the control group, we found most cells to be memory cells. As for

other functional T cell subsets, CD8+ CD20+ T cells also exhibited

here a predominantly Tc1 phenotype (18, 32). However, phenotypic

analysis of CD8+ CD20+ T cells revealed an increased percentage of

CXCR5+ cells in CLL compared to the control group, and an

expansion of CD8+ CD20+ Tc1 cells that was consistent across all

patient groups. The cytotoxic function of CD8+ T cells, particularly

of Tc1 cells, has been associated with a key role in mediating T cell

antitumoral responses (18, 24, 43, 44).

Several alterations of different T cell compartments have been

described as relevant factors in the dysregulation of the immune

response in the tumor microenvironment in CLL, resulting in an
FIGURE 9

TCR Vb repertoire usage in CD8+ T cells from peripheral blood of chronic lymphocytic leukemia patients: comparison between CD8+ CD20+ T
cells and CD8+ CD20- T cells. Results for samples 1, 2, 3, 4 and 5.
frontiersin.org

https://doi.org/10.3389/fonc.2024.1380648
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Rodrigues et al. 10.3389/fonc.2024.1380648
impaired antitumor immunity (3, 12). In CLL, this has

been associated with a restricted usage in the T cell receptor

(TCR) gene repertoire (3, 13, 45). Here, we further characterized

the TCR-Vb gene family usage of CD4+ CD20- T and CD8+ CD20-

T cells compared to their CD4+ CD20+ T and CD8+ CD20+ T cell

counterparts, respectively. Of note, among CD4+ CD20+ T cells
Frontiers in Oncology 14
from CLL patients, a relative expansion of T cells expressing the

TCR Vb 5.1 gene family was observed in all CLL patients analyzed.

Interestingly, bystander expansions of TCR Vb 5.1 have been

reported in the literature for CLL, but its meaning remains to be

understood (13, 45, 46).

Altogether, the above findings suggest that in CLL and its

precursor states of MBL, the expansion of neoplastic B cells is

accompanied by phenotypic and functional changes in the T cell

compartment of CD20+ T cells. The abnormal distribution of T cell

subpopulations, and in particular the decreased number of CD20+

T cells with a cytotoxic phenotype, might contribute to the

dysregulation of the immune system in MBL and CLL, potentially

reflecting a decreased antitumor activity and the inability of T cells

to complete an effective immune response against neoplastic B cells

which may acquire additional genetic abnormalities (47–51).

Determination of the mutational status of the IGHV gene

revealed that about half of all CLL cases displayed mutated IGHV

gene, at a (slightly) lower percentage than found in HC-MBL,

although these differences did not reach statistical significance, in

line with previous studies (5, 7, 52). Analysis of the specific IGHV
FIGURE 10

TCR Vb repertoire usage in CD8+ T cells from peripheral blood of healthy controls: comparison between CD8+ CD20+ T cells and CD8+ CD20- T
cells. Results shown for samples 1, 2, 3, 4 and 5.
TABLE 3 Percentage of CLL and MBL cases mutated for the TP53 gene
and for the IGHV gene.

Molecular Study HC-MBL
(n = 12)

CLL
(n = 27)

P value

TP53 gene
Mutated 0/12 (0%) 2/27 (7%) P > 0.99

IGHV gene SHM status
Mutated 8/12 (67%) 15/27 (56%) P = 0.73
CLL, chronic lymphocytic leukemia; HC, high-count; IGHV, immunoglobulin heavy chain
variable region; LC, low-count; MBL, monoclonal B lymphocytosis; SHM, somatic
hypermutation. Results expressed as number of cases with IGHV mutated and TP53
mutated genes from all cases analyzed in the corresponding group (and their
respective percentage).
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TABLE 4 IGHV gene usage by HC-MBL and CLL cases, and its distribution by mutated and unmutated IGHV gene.

IGHV gene

HC-MBL CLL

IGHV Mutated
IGHV

Unmutated
Total IGHV Mutated

IGHV
Unmutated

Total

IGHV1-3 0/8 (0%) 0/4 (0%) 0/12 (0%) 0/15 (0%) 1/12 (8%) 1/27 (4%)

IGHV1-18 0/8 (0%) 0/4 (0%) 0/12 (0%) 0/15 (0%) 1/12 (8%) 1/27 (4%)

IGHV1-60 0/8 (0%) 1/4 (25%) 1/12 (8%) 0/15 (0%) 0/12 (0%) 0/27 (0%)

IGHV1-69 0/8 (0%) 2/4 (50%) 2/12 (17%) 0/15 (0%) 3/12 (25%) 3/27 (11%)

IGHV2-5 1/8 (13%) 0/4 (0%) 1/12 (8%) 0/15 (0%) 0/12 (0%) 0/27 (0%)

IGHV3-7 1/8 (13%) 0/4 (0%) 1/12 (8%) 1/15 (7%) 0/12 (0%) 1/27 (4%)

IGHV3-9 0/8 (0%) 0/4 (0%) 0/12 (0%) 0/15 (0%) 1/12 (8%) 1/27 (4%)

IGHV3-15 0/8 (0%) 0/4 (0%) 0/12 (0%) 1/15 (7%) 0/12 (0%) 1/27 (4%)

IGHV3-21 0/8 (0%) 0/4 (0%) 0/12 (0%) 0/15 (0%) 1/12 (8%) 1/27 (4%)

IGHV3-23 2/8 (25%) 0/4 (0%) 2/12 (17%) 1/15 (7%) 0/12 (0%) 1/27 (4%)

IGHV3-30 0/8 (0%) 0/4 (0%) 0/12 (0%) 2/15 (13%) 2/12 (17%) 4/27 (15%)

IGHV3-33 0/8 (0%) 0/4 (0%) 0/12 (0%) 2/15 (13%) 1/12 (8%) 3/27 (11%)

IGHV3-48 0/8 (0%) 0/4 (0%) 0/12 (0%) 1/15 (7%) 0/12 (0%) 1/27 (4%)

IGHV3-53 1/8 (13%) 0/4 (0%) 1/12 (8%) 0/15 (0%) 0/12 (0%) 0/27 (0%)

IGHV3-74 0/8 (0%) 0/4 (0%) 0/12 (0%) 1/15 (7%) 0/12 (0%) 1/27 (4%)

IGHV4-4 0/8 (0%) 0/4 (0%) 0/12 (0%) 0/15 (0%) 1/12 (8%) 1/27 (4%)

IGHV4-34 3/8 (38%) 0/4 (0%) 3/12 (25%) 4/15 (27%) 0/12 (0%) 4/27 (15%)

IGHV4-61 0/8 (0%) 0/4 (0%) 0/12 (0%) 1/15 (7%) 0/12 (0%) 1/27 (4%)

IGHV5-10 0/8 (0%) 1/4 (25%) 1/12 (8%) 0/15 (0%) 0/12 (0%) 0/27 (0%)

IGHV5-51 0/8 (0%) 0/4 (0%) 0/12 (0%) 0/15 (0%) 1/12 (8%) 1/27 (4%)

IGHV6-1 0/8 (0%) 0/4 (0%) 0/12 (0%) 1/15 (7%) 0/12 (0%) 1/27 (4%)
F
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IGHV, immunoglobulin heavy chain variable region. Results expressed as a number and percentage of HC-MBL and CLL cases for each IGHV gene detected. No statistically significant
differences were found between HC-MBL vs CLL.
A B C

FIGURE 11

Percentage of (A) CD20+ T cells (in whole blood) (B) CD4+ T cells and (C) CD8+ T cells, in HC-MBL and CLL patients considered together and
distributed according to the presence of a mutated vs unmutated IGHV B-cell receptor. Data expressed as mean and standard deviation. *p < 0.05.
IGHV, immunoglobulin heavy chain variable region.
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gene usage by purified neoplastic B cells showed that HC-MBL

shares the IGHV3-23, IGHV1-69, and IGHV4-34 gene repertoire

with CLL, although a greater prevalence of the IGHV4-34 and

IGHV3-23 gene in HC-MBL was observed, particularly among the

mutated clones, in line with previous studies (7, 9, 53, 54). In

contrast, IGHV1-69 gene, that was typical in CLL, has been

associated with an unmutated profile and adverse features in CLL

(3, 5, 7, 49, 52). Of note, greater CD20+ T cells numbers were found

in this study, associated with mutated IGHV gene, which suggests a

protective role of CD20+ T cells for both in MBL and CLL. Further

studies, in larger cohorts of MBL and CLL patients, are needed in

order to determine whether CD20+ T cells are in fact associated

with a greater risk of progression of MBL to CLL.
5 Conclusion

In summary, here we describe a decreased in CD20+ T cells in

blood of both MBL and CLL patients consistent with a

predominantly Tc1 memory cell phenotype, particularly among

IGHV unmutated cases. These results suggest that CD20+ T cells

might have a pathogenic role in MBL and CLL as tumor-

suppressive T cell population, which decreases on frequency in

parallel to the expansion of the neoplastic B cells. Further studies in

larger cohorts of patients with long follow-up are needed to clarify

whether CD20+ T cells might be in fact associated with the risk of

progression from MBL to CLL.
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23. Vlaming M, Bilemjian V, Freile JÁ, Lourens HJ, Van Rooij N, Huls G, et al.
CD20 positive CD8 T cells are a unique and transcriptionally-distinct subset of T cells
with distinct transmigration. Properties Sci Rep. (2021) 11:20499. doi: 10.1038/s41598-
021-00007-0
Frontiers in Oncology 17
24. Mudd TW, Lu C, Klement JD, Liu K. MS4A1 expression and function in T cells
in the colorectal cancer tumor microenvironment. Cell Immunol. (2021) 360:104260.
doi: 10.1016/j.cellimm.2020.104260

25. Holley JE, Bremer E, Kendall AC, De Bruyn M, Helfrich W, Tarr JM, et al. CD20
+inflammatory T-cells are present in blood and brain of multiple sclerosis patients and
can be selectively targeted for apoptotic elimination. Mult Scler Relat Disord. (2014)
3:650–8. doi: 10.1016/j.msard.2014.06.001

26. Kalina T, Flores-Montero J, van der Velden VHJ, Martin-Ayuso M, Böttcher S,
Ritgen M, et al. EuroFlow standardization of flow cytometer instrument settings and
immunophenotyping protocols. Leukemia. (2012) 26:1986–2010. doi: 10.1038/
leu.2012.122

27. Agathangelidis A, Chatzidimitriou A, Chatzikonstantinou T, Tresoldi C, Davis
Z, Giudicelli V, et al. Immunoglobulin gene sequence analysis in chronic lymphocytic
leukemia: the 2022 update of the recommendations by ERIC, the european research
initiative on CLL. Leukemia. (2022) 36:1961–8. doi: 10.1038/s41375-022-01604-2

28. Rissiek A, Schulze C, Bacher U, Schieferdecker A, Thiele B, Jacholkowski A, et al.
Multidimensional scaling analysis identifies pathological and prognostically relevant
profiles of circulating T-cells in chronic lymphocytic leukemia: T-cell dysfunction in
CLL progression. Int J Cancer. (2014) 135:2370–9. doi: 10.1002/ijc.28884

29. Ochs J, Nissimov N, Torke S, Freier M, Grondey K, Koch J, et al.
Proinflammatory CD20 + T cells contribute to CNS-directed autoimmunity. Sci
Transl Med. (2022) 14:eabi4632. doi: 10.1126/scitranslmed.abi4632

30. Hallek M, Cheson BD, Catovsky D, Caligaris-Cappio F, Dighiero G, Döhner H,
et al. iwCLL guidelines for diagnosis, indications for treatment, response assessment,
and supportive man-agement of CLL. Blood. (2018) 131:2745–60. doi: 10.1182/blood-
2017-09-806398

31. Fazi C, Scarfò L, Pecciarini L, Cottini F, Dagklis A, Janus A, et al. General
Population Low-Count CLL-like MBL Persists over Time without Clinical Progression,
Although Carrying the Same Cytogenetic Abnormalities of CLL. Blood. (2011)
118:6618–25. doi: 10.1182/blood-2011-05-357251

32. Von Essen MR, Ammitzbøll C, Hansen RH, Petersen ERS, McWilliam O,
Marquart HV, et al. Proinflammatory CD20+ T cells in the pathogenesis of multiple
sclerosis. Brain. (2019) 142:120–32. doi: 10.1093/brain/awy301

33. Raskov H, Orhan A, Christensen JP, Gögenur I. Cytotoxic CD8+ T cells in
cancer and cancer immunotherapy. Br J Cancer. (2021) 124:359–67. doi: 10.1038/
s41416-020-01048-4

34. Porakishvili N, Roschupkina T, Kalber T, Jewell AP, Patterson K, Yong K, et al.
Expansion of CD4+ T cells with a cytotoxic phenotype in patients with B-chronic
lymphocytic leukaemia (B-CLL). Clin Exp Immunol. (2008) 126:29–36. doi: 10.1046/
j.1365-2249.2001.01639.x

35. Peller S, Kaufman S. Decreased CD45RA T cells in B-cell chronic lymphatic
leukemia patients: correlation with disease stage. Blood. (1991) 78:1569–73.
doi: 10.1182/blood.V78.6.1569.1569

36. Ahearne MJ, Willimott S, Piñon L, Kennedy DB, Miall F, Dyer MJS, et al.
Enhancement of CD154/IL4 proliferation by the T follicular helper (Tfh) cytokine, IL21
and increased numbers of circulating cells resembling tfh cells in chronic lymphocytic
leukaemia. Br J Haematol. (2013) 162:360–70. doi: 10.1111/bjh.12401

37. Cha Z, Zang Y, Guo H, Rechlic JR, Olasnova LM, Gu H, et al. Association of
peripheral CD4+ CXCR5+ T cells with chronic lymphocytic leukemia. Tumor Biol.
(2013) 34:3579–85. doi: 10.1007/s13277-013-0937-2

38. Wu X, Fajardo-Despaigne JE, Zhang C, Neppalli V, Banerji V, Johnston JB, et al.
Altered T follicular helper cell subsets and function in chronic lymphocytic leukemia.
Front Oncol. (2021) 11:674492. doi: 10.3389/fonc.2021.674492

39. Bürkle A, Niedermeier M, Schmitt-Gräff A, Wierda WG, Keating MJ, Burger JA.
Overexpression of the CXCR5 chemokine receptor, and its ligand, CXCL13 in B-cell
chronic lymphocytic leukemia. Blood. (2007) 110:3316–25. doi: 10.1182/blood-2007-
05-089409

40. Bürgler S, Gimeno A, Parente-Ribes A, Wang D, Os A, Devereux S, et al. Chronic
lymphocytic leukemia cells express CD38 in response to th1 cell–derived IFN-g by a T-
bet–dependent mechanism. J Immunol. (2015) 194:827–35. doi: 10.4049/
jimmunol.1401350

41. Os A, Bürgler S, Ribes AP, Funderud A, Wang D, Thompson KM, et al. Chronic
lymphocytic leukemia cells are activated and proliferate in response to specific T helper
cells. Cell Rep. (2013) 4:566–77. doi: 10.1016/j.celrep.2013.07.011

42. Grywalska E, Bartkowiak-Emeryk M, Pasiarski M, Olszewska-Bożek K, Mielnik
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